integrated lux genes were used in gentamicin protection assays to evaluate bacterial clearance. Murine sepsis infection model. Neonatal pups at the ages of 3 or 4 days were infected 1 3 8 subcutaneously in the scapular region with E. coli strain O1:K1:H7. The bacteria from pre-titered 1 3 9 frozen cultures were washed with PBS, centrifuged at 2,000 x g for 5 min, and suspended in a 1 4 0 volume of PBS equivalent to an inoculum of 50 μ L/mouse. Mice were inoculated using a 28- thereafter. Following infection, mice were monitored twice daily for signs of morbidity. Mice 1 4 8 exhibiting signs of morbidity (i.e., unable to right themselves, significant weight loss, and lack of 1 4 9 movement) that met endpoint criteria were humanely euthanized. Peripheral tissues (spleen, 1 5 0 liver, kidney, brain, and lung) isolated from pups were placed in PBS on ice. Blood was 1 5 1 deposited in tubes that contained 5 μ L of 500 mM ethylenediamine tetraacetate acid (EDTA, 1 5 2
Fisher Scientific, Fair Lawn, NJ). Protein standards were assayed in parallel with samples.
1 2 was the site of the greatest magnitude of increase in IL-27 expression ( Fig. 1) . At 24 h post-2 3 6 infection, more pups increased expression of IL-27 genes in all tissues except the liver; however, 2 3 7 there were still some animals that maintained lower expression levels ( Fig. 1B ). To further 2 3 8
analyze IL-27 systemically during infection, serum concentrations were measured by 2 3 9 electrochemiluminescent immunoassay on days 1 and 2 post-infection. As shown in Figure 1C ,
IL-27 increased in circulation and peaked following the first day of infection in neonatal mice.
4 1
While the mean IL-27 levels increased significantly more than three-fold, the population 2 4 2 separated into higher and lower expressers similar to the gene expression data (Fig. 1C) . A three-2 4 3 fold increase in IL-27 levels was maintained in infected pups relative to controls at day 2 post-2 4 4
infection, but at reduced overall magnitude (Fig. 1C ). These data demonstrate that although IL- infection.
5 0
Gr-1 + and F4/80 + cells are the most abundant IL-27 producers. We have previously 2 5 1
shown that MDSCs and macrophages are the dominant cellular sources of IL-27 in neonatal mice 2 5 2 in the absence of infection (11, 12) . To determine cell types that contribute to the rising IL-27 2 5 3 levels during infection, we profiled cells in the blood and spleens by immunofluorescent labeling production in cells positive for Gr-1, F4/80, CD11c, and CD115. In the spleen and the blood, Gr-2 5 7 1 + cells were the most abundant cell type that produced IL-27 followed by a significant and D, S1, S2) post-infection. Surprisingly, there was no difference in the frequency of any IL-2 6 0 27-producing cell type in infected pups relative to controls in the spleen or the blood (Figs. 2, 3, 2 6 1 S1, and S2). However, the mean fluorescent intensity (MFI) of IL-27 signal, indicative of the 2 6 2 amount of IL-27 protein per cell, was increased in the spleen at 10 h in cells expressing all 2 6 3 myeloid markers examined ( Fig. 2C ). CD115 + cells were associated with a substantial increase 2 6 4 of nearly 100% during infection ( Fig. 2C ). Increased IL-27 expression was maintained at a 2 6 5 significant level in CD11c + cells at 24 h post-infection ( Fig. 2E ). Increased production in Gr-1 + 2 6 6 and F4/80 + cells at 24 h was trending toward and nearly statistically significant ( Fig. 2E ). In the infection, although these changes did not reach statistical significance ( Fig. 3C and E). This was observed in the absence of IL-27 signaling ( Fig. 4A ). Infected pups gained weight at a level lagged significantly behind control pups in weight gain, an indication of morbidity ( Fig. 4B ). cannot definitively show that pups deceased at day 1 or pups viable at day 1 and deceased at day neonatal animals most likely to survive the infection ( Fig. 1 and 4A ). Collectively, these results 2 9 1
indicate that IL-27 interferes with a protective host response. in WSX-1 -/pups, we evaluated the ability of individual phagocytes to clear E. coli in vitro. The 2 9 8 myeloid-restricted marker Ly6B.2 is highly expressed on neutrophils, inflammatory monocytes, and E). Similar results were observed for IL-6 (data not shown). Improved bacterial clearance in 3 0 5
WSX-1 -/phagocytes in the absence of consistently higher levels of TNF-α, suggests that killing 3 0 6
of bacteria is independent of proinflammatory cytokine production and may be a direct result of 3 0 7
IL-27 signaling. We have previously reported that IL-27 opposes lysosomal acidification and 3 0 8
trafficking in human macrophages with consequences to control of intracellular and extracellular 3 0 9
bacterial growth (26, 27, 30, 31) .
We next wanted to examine the kinetics of bacterial clearance in real time with a focus on counts in harvested tissues, there was a robust difference in luminescent signal from KO pups. the infection ( Fig. 6B and S3B ). In contrast, the luminescence measured at 10 h in WT pups was 3 2 1 increased relative to KO pups and continued to increase through 24 h ( Fig. 6B and S3B ). The final signal intensity at 24 h was nearly four orders of magnitude higher in WT pups ( Fig. 6B ,
6C, and S3B). This real time imaging analysis also uncovered the brain as a site for high levels 3 2 4 of bacteria in WT animals ( Fig. 6C and S4 ). This finding was not unexpected since E. coli K1, including our strain, is a leading cause of neonatal meningitis (41, 42) . However, the magnitude 3 2 6 of difference between WT and KO pups was striking. In the absence of IL-27 signaling, there 3 2 7 1 6 was a significant reduction in luminescent signal and CFUs in the brain ( Fig. 6C and S4 ).
Overall, the change in luminescence amongst mice correlated with actual CFUs in tissues and 3 2 9
blood of WT and KO mice following imaging at 24 h ( Fig. 6C ). infection and enrich the data set with findings from animals that exhibit improved outcomes. Gene expression levels were expressed relative to uninfected controls for WT and KO mice 3 3 7
separately. WT levels of TNF-α, IL-1, and IL-6 increased robustly in WT pups following reach statistical significance (Fig. 7A ). The levels of serum cytokines followed a similar pattern 3 4 1 (Fig. 7B ). IL-6 levels increased dramatically in infected WT pups and were maintained at a level 3 4 2 two orders of magnitude lower in KO pups, while TNF-α and IL-1 levels were reduced 3 4 3 approximately ten-fold ( Fig. 7B ). IL-6 levels are increased in patients with infectious 3 4 4
complications and used clinically to provide a quantitative assessment of sepsis severity (43-45).
4 5
Additionally, IL-6 levels correlate with the mortality rate in septic patients (46). The striking 3 4 6 difference in IL-6 serum concentrations are reflective of peak illness in WT mice and a condition that is improved in mice that do not respond to 48) . We have established elevated levels of the immune suppressive cytokine IL-27 at resting 3 5 1 state in neonates, and we further demonstrate here that those levels continue to rise in most are predisposed to higher IL-27 levels that constitute a risk factor for infection, or are elevated as data. In these models, splenic IL-27 transcripts rise early peaking at 6-12 h, and protein levels are infection at 24 h, IL-27 transcripts were more widely increased across different tissues. In surface markers is exclusive to a particular cell type. Gr-1 is expressed on MDSCs, some 3 7 3 monocyte and macrophage populations, and at a high level on granulocytes (52-54). We recently 3 7 4
described MDSCs as a significant source of IL-27 (12), and it is tempting to speculate that these 3 7 5
cells are a significant source of rising levels during infection. F4/80 is expressed on monocytes, 3 7 6 macrophages, and eosinophils (55, 56). An unexpected finding was that the frequency of these However, we cannot rule out other cellular sources that make a contribution to the overall levels The presence of IL-27 in infected neonates in our system correlates with a significant 3 8 7 increase in bacterial burdens and mortality. We have previously reported that IL-27 interferes 3 8 8
with lysosomal acidification and trafficking in macrophages. This promotes increased growth of 3 8 9
intracellular and extracellular pathogens (11, 27, 30, 31) . Similarly, we recently reported that derived macrophages from WSX-1 -/pups. It is likely that the previously reported influence of has also been shown to activate an inflammatory response and suppress IL-10 production in The intravital imaging analysis further supports the conclusion that IL-27 opposes 4 1 8 bacterial clearance and allowed us to observe the rapid progression of dissemination that occurs 4 1 9
in WT pups. To our knowledge, this is the first time bacterial sepsis has been imaged intravitally Improved infection control in adult mice lacking EBI3 or WSX-1 occurs during both M. Leishmania major, and Toxoplasma gondii (18, 20, 23, 66, 67) . The differences in infection 4 3 2 outcome relative to IL-27 suggests a microbe and Th1 vs Th2-dependent mechanism of 4 3 3 immunity, as well as a potential threshold of IL-27 production necessary to modulate proper There were some limitations to our study. Overall, the number of cells that could be 4 3 8
obtained from the blood and spleen were limited. As a result, we could not perform more contribute to the total IL-27 levels and may even be undervalued in that regard. Additionally, we In summary, our results suggest that elevated levels of IL-27 early in life predispose to neonates. activation of human coronary artery endothelial cells. Mol Cell Biochem 411:1-10. infected relative to control samples at 10 h in the kidney, liver, lung, and spleen (p<0.0001,
